Gene editing has been hyped as a game-changer in many biological fields including medicine and agriculture. This includes the potential to manipulate the DNA of livestock animals at sufficient throughput, both in terms of number of loci and animals, to consider gene editing as a routine component of livestock breeding programmes. In this article I will argue that the application of gene editing for complex traits in livestock will prove extremely challenging for a number of reasons: 1) our understanding of the genetic control of complex traits remains sketchy; 2) even with cutting edge 'omics technologies, the identification of functional mutations remains very challenging; 3) before selecting certain mutations for gene editing, we need to capture the pleiotropic effects of the mutation and test whether its effects are truly additive. With the current understanding of complex traits there is a risk that gene editing will revert to a candidate gene approach without knowledge or understanding of where the important mutations reside. This means that it will be some time before we can really benefit from gene editing for truly complex traits in livestock. In the meantime, gene editing could deliver quick wins by 'repairing' lethal recessive defects that are present in many elite breeding animals. I will also outline how gene editing can have an important role in the identification of QTN via in-vitro genetics.
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INTRODUCTION
In a recent study (1) Jenko et al. introduce the concept of 'promotion of alleles by genome editing' (PAGE). Via extensive simulations they show that using gene editing to change the genotypes of a number of functional mutations (QTN) affecting a complex trait in a proportion of selection candidates can result in considerable genetic progress over and above 'standard' genomic selection. While the following sections will outline some difficulties in making this a reality, this is NOT a critique of the study Jenko et al., which introduces an innovative concept in a thorough and comprehensive manner. Neither is this article aiming to discourage the further development of gene editing approaches for livestock. Below, I will outline the challenges and risks of applying gene editing to engineer complex traits as well as suggest a 'low hanging fruit' alternative for the application of gene editing in livestock and ways in which gene editing can accelerate the discovery of functional mutations for complex traits.
CHALLENGES FOR GENE EDITING TO ENGINEER COMPLEX TRAITS
The main impediment for the successful implementation of gene editing for complex traits in livestock is that despite decades of genomics research our understanding of the genetic architecture of complex traits is still very sketchy. The Animal Quantitative Trait Loci (QTL) database (http://www.animalgenome.org/QTLdb) shows large number of QTL for the main livestock species: > 5000 QTL from 250 studies for chicken, > 16000 QTL from 557 studies in pig and > 80000 QTL from 710 studies in cattle (2) . The number of QTL that has been resolved to the functional underlying mutation is still only a tiny fraction of this (3) . A more recent boost to the detection of QTN, is the availability of large reference panels of animals with whole genome sequence data such as the 1,000 bulls genome consortium (4). The idea is that the whole genome sequence data includes all the functional mutations affecting the trait(s) of interest. Using imputation tools we can take the genotyping data from a genomewide association (GWAS) study and increase the marker density from the original single nucleotide polymorphisms (SNP) chip density (e.g. tens-or hundreds of thousands of SNPs) up to that of the whole genome sequence level (millions of SNPs)(5-7). Performing the GWAS on the imputed data should, in principle, allow the identification of the QTN among all the significant SNPs. Despite some successful applications of this approach (4) Imputation is imperfect and has been shown to perform worse for lower minor allele frequencies (11). 5) Copy number variants (CNV) and other structural variants in the genomes are often omitted from imputation and/or ignored for association analyses. CNV have been shown to be associated with phenotypic variation in some studies, reviewed by (12). 6) Probably most important of all, the levels of linkage disequilibrium (LD) in livestock populations is the limiting factor for the resolution with which we can map QTL, regardless of the number of markers. One approach to reduce linkage disequilibrium around a QTL is to study the same QTL across breeds (9) . However, even if the same QTL is detected across breeds, there may be no common haplotype around the QTL, suggesting multiple QTL alleles or multiple tightly linked loci (9) . For successful identification of QTN, the availability of (imputed) whole genome sequence data is not sufficient. Additional bioinformatics and experimental filters, like eQTL experiments are often required to narrow down the putative QTN (13, 14) .
Even if a QTN can be successfully identified, and confirmed, additional steps need to be taken before targeting it for gene editing. The pleiotropic effects on other traits need to be established to ensure that promoting this allele does not negatively affect other traits. If
QTN with large effects are still segregating in a population undergoing artificial selection, it is important to evaluate whether the locus is under balancing selection because of pleiotropic effects. A good example is a 660 Kb deletion on BTA12 that has a beneficial effect on milk yield but is lethal in homozygous form (15) . Furthermore, the gene action of the QTN needs to be validated to ensure that the effect is repeatable in subsequent generations and not constrained by epistatic interactions (16) . benefit from further refinement.
LOW HANGING FRUIT AND ALTERNATIVE APPLICATIONS FOR GENE EDITING IN LIVESTOCK
While the availability of high density SNP chips and reference panels with whole genome sequence information have not delivered many new QTN, they have facilitated the detection of recessive lethal mutations in livestock. With sufficiently large sample sizes, potentially in combination with a GWAS for fertility traits, the absence of homozygous individuals can be a clear indicator of a recessive lethal locus that is segregating in the population. This approach has identified multiple novel recessive lethal alleles in cattle populations (4, 15, 19) . These recessive lethal alleles impose restrictions on the breeding programme because matings between potential or known carriers should be avoided. Given the narrow genetic basis of the commercial dairy cattle breeds this further narrows the genepool and limits some of the genetic progress. A first target for gene editing in livestock could be to 'fix' recessive lethal mutations in elite germplasm, thus removing the constraints of mating carrier animals. This would not only be a quick gain for the breeding industry (breeding companies as well as farmers) it would also be one of the least controversial applications of gene editing as it is editing approaches that are aimed at improving animal health/fertility are indeed more acceptable to the general public compared to those that are aimed at production increases.
While In summary, I am optimistic and excited about the role that gene editing can play in livestock breeding, However, we need to be open about the challenges and prevent overpromising at a time when many of the techniques need a lot more development to be used routinely.
While we need a certain measure of optimism to convince our funding bodies, we also need to make them aware of the limitations and the research funding required to deliver sustainable intensification of food production using the most appropriate biotechnology tools.
